In this study, a new process of continuous horizontal distillation at a pilot level is presented. It was applied for the first time to the rectification of an ordinario fraction obtained industrially. Continuous horizontal distillation is a new process whose design combines the benefits of both distillation columns, in terms of productivity and energy savings (50%), and distillation stills in batch, in terms of the aromatic complexity of the distillate obtained. The horizontal process of continuous distillation was carried out at the pilot level in a manual mode, obtaining five accumulated fractions of distillate that were characterized by gas chromatography (GC-FID). The tequila obtained from the rectification process in this new continuous horizontal distillation process complies with the content of methanol and higher alcohols regulated by the Official Mexican Standard (NOM-006-SCFI-2012). Continuous horizontal distillation of tequila has potential energy savings of 50% compared to the traditional process, besides allowing products with major volatile profiles within the maximum limits established by the regulation for this beverage to be obtained.
Introduction
Tequila is a traditional Mexican alcoholic beverage recognized around the world. It is obtained from distillation of the fermented juice of the Agave tequilana Weber blue variety. The production process consists of five stages: cooking, grinding, fermentation, distillation, and resting or aging [1] . According to the percentage of sugars belonging to agave used in the production of Tequila, it can be classified as one of the following categories: Tequila and Tequila 100% Agave [2] . In the case of Tequila, 51% of the total sugars in the fermentation process must belong to agave, and the rest of the sugars may be obtained from other sources [3] . The Tequila aroma depends on the amount and type of volatile compounds present [4] . Tequila's composition is very complex. Different volatile compounds have been reported as responsible for the sensorial characteristics of tequila, among which the most important are alcohols, esters, terpenes, fatty acids, aldehydes, ketones, furans, sulphur compounds, lactones, and phenols [4, 5] . This composition is affected by each of the stages of its production process, where the distillation process plays an important role. Based on the Official Mexican Standard regulating tequila composition, the maximum permissible concentration of methanol is 300 mg/100 mL of anhydrous alcohol, while for higher alcohols, it is 500 mg/100 mL of anhydrous alcohol [3] . The alcohol concentrations of tequila can be regulated during the distillation process.
Most spirits' production processes use either batch distillation columns or alembics [6] . The latter are the most frequently used in small-scale production facilities. In these systems, three cuts (head, heart, and tail) are collected sequentially; high-quality spirits are produced from the heart cut. Even though Most spirits' production processes use either batch distillation columns or alembics [6] . The latter are the most frequently used in small-scale production facilities. In these systems, three cuts (head, heart, and tail) are collected sequentially; high-quality spirits are produced from the heart cut. Even though the operation of alembics is relatively simple compared to batch distillation columns, it involves many uncontrolled and unmeasured disturbances that generate variability in the composition of the final product [7] . Tequila is obtained after two consecutive differential distillations in pot stills [1] . The first one, named stripping, allows a product called ordinario to be obtained, whose ethanol content is 20-30% in volume. The second one, named rectification, consists of distilling the ordinario again and obtaining three products: head, tail, and heart, the latter of which has an ethanol content close to 55% in volume, which basically constitutes a tequila beverage [8] .
The use of batch distillation columns results in a higher productivity and higher efficiency of ethanol recovery compared to the traditional batch process, but a lower presence of compound complexity in the Tequila product [9] .
Recently, innovations have emerged in the distillation area focused on energy reduction, consumption, and process time [10] [11] [12] . A new patented technology, called Continuous Distillation [13] , has been shown to be more efficient and more cost-effective than the traditional process. Continuous horizontal distillation combines the distillation columns and batch distillation process. This system has reduced the energy consumption by 50% based on a study where citrus essential oils were obtained [14] . Currently, an equipment prototype of continuous distillation has been built, which consists of five stages, built in stainless steel 304 with an operation volume of 60 L which operates continuously (Figure 1 ). The information above has led us to apply this distillation process in tequila production, since it has a great potential for application in the tequila industry. This study aims to produce higher productivity and energy savings while preserving the tequila aroma.
In this study, we evaluate the composition of the distilled fractions obtained during the rectification process by continuous distillation of the ordinario obtained at the industrial level, in order to know if this distillation system allows tequila with the quality specified in the Official Standard for tequila to be obtained.
Materials and Methods

Raw Material.
A total of 250 liters of ordinario with an alcohol content of 26.0% Alc. Vol. was provided by Tequila San Matías Inc., from the state of Jalisco.
Continuous Distillation of Ordinario at Pilot Level.
The process was operated in manual mode over a period of 4 h for two experimental runs under the following conditions:
Feed Flow: 60 mL/min (T = 16.67 h). The information above has led us to apply this distillation process in tequila production, since it has a great potential for application in the tequila industry. This study aims to produce higher productivity and energy savings while preserving the tequila aroma.
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Continuous Distillation of Ordinario at Pilot Level.
Feed Flow: 60 mL/min (T = 16.67 h).
It was decided to work at a low flow (high residence times) to ensure the stability of the process since it was operated in manual mode without the control system. In later phases, we intend to work at shorter residence times by making modifications to the equipment.
Process Description
The liquid to be distilled, in this case ordinario (product of the first distillation), is fed (F) in the first stage ( Figure 2 ) and goes through each of the five stages of the equipment until obtaining the waste stream (W). In each of the stages, both heat exchangers carry out evaporation of the volatiles, which are recovered in each of the five condensers to obtain the distillate (D).
This equipment has a heat recovery system that allows us to recover the heat of the waste (W) to preheat the feed (F), which achieves an additional energy saving in the process when recovering the sensible heat. In each of the condensers, a distilled fraction (D) is obtained, which is characterized and which, according to the desired profile or composition, can be mixed.
This equipment has a heat recovery system that allows us to recover the heat of the waste (W) to preheat the feed (F), which achieves an additional energy saving in the process when recovering the sensible heat. In each of the condensers, a distilled fraction (D) is obtained, which is characterized and which, according to the desired profile or composition, can be mixed. The accumulated volume of the five distilled fractions obtained was collected and analyzed by gas chromatography to determinate the content of methanol, higher alcohols, esters, furfural, and aldehydes.
Alcoholic Content
Alcohol content expressed as % ethanol (v/v) at 20 °C was measured with a portable density meter DMA-35 (Anton Paar, Graz, Austria).
Chromatographic Characterization
The distilled fractions and products (accumulated fractions) were analyzed by gas chromatography (GC) using an Agilent Technologies 7890B gas chromatograph (Palo Alto, CA, USA) equipped with a flame ionization detector (FID). Separation was performed on an INNOWAX capillary column (60 m × 250 μm i.d. × 0.25 µm film thickness) with nitrogen as the carrier gas (1 mL/min). The oven temperature was programmed initially at 50 °C for 7 min, and was then increased at a rate of 10 °C/min to 165 °C. Following this, the temperature was raised from 165 °C to 220 °C at a rate of 20 °C/min and held for 5 min. A volume of 1 µL was injected in split mode with a split ratio of 1:50. The injection port and detector temperatures were 220 and 250 °C, respectively. A mixture of air (400 mL/min), hydrogen (40 mL/min), and nitrogen as the auxiliary gas (25 mL/min) was also fed to the detector. Chromatographic data was collected and recorded using Mass Hunter GC/MS software (B.07.02.1938). Quantification of major volatiles in samples was based on the internal The accumulated volume of the five distilled fractions obtained was collected and analyzed by gas chromatography to determinate the content of methanol, higher alcohols, esters, furfural, and aldehydes.
Alcoholic Content
Alcohol content expressed as % ethanol (v/v) at 20 • C was measured with a portable density meter DMA-35 (Anton Paar, Graz, Austria).
Chromatographic Characterization
The distilled fractions and products (accumulated fractions) were analyzed by gas chromatography (GC) using an Agilent Technologies 7890B gas chromatograph (Palo Alto, CA, USA) equipped with a flame ionization detector (FID). Separation was performed on an INNOWAX capillary column (60 m × 250 µm i.d. × 0.25 µm film thickness) with nitrogen as the carrier gas (1 mL/min). The oven temperature was programmed initially at 50 • C for 7 min, and was then increased at a rate of 10 • C/min to 165 • C. Following this, the temperature was raised from 165 • C to 220 • C at a rate of 20 • C/min and held for 5 min. A volume of 1 µL was injected in split mode with a split ratio of 1:50. The injection port and detector temperatures were 220 and 250 • C, respectively. A mixture of air (400 mL/min), hydrogen (40 mL/min), and nitrogen as the auxiliary gas (25 mL/min) was also fed to the detector. Chromatographic data was collected and recorded using Mass Hunter GC/MS software (B.07.02.1938). Quantification of major volatiles in samples was based on the internal standard method, as described in the Official Mexican Standard, NOM-006-SCFI-2012. The analyses were performed in duplicate and the results were expressed as mg/100 mL of anhydrous alcohol.
Statistical Analysis.
An analysis of variance was done to identify differences in the concentration of compounds regulated by the Official Standard (NOM-006-SCFI-2012) for each fraction using the statistical software STATGRAPHICS CENTURION XVI.
Results and Discussions
Alcoholic Concentration of Distilled Fractions
The average distillates of the fractions of continuous distillation had an alcoholic grade of 57.2% ± 12.6 Alc. Vol., which was similar to the distillate obtained by batch distillation [8] (Figure 3 
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Content of Higher Alcohols and Aldehydes
The five accumulated fractions of distillate obtained in the continuous distillation process showed statistically significant differences among themselves regarding the content of aldehydes and higher alcohols, with fraction 1 showing the highest amount of higher alcohols and aldehydes, with an average content of 253.66 ± 86.51 and 2.87 ± 1.02 mg/100 mL of anhydrous alcohol, respectively ( Figure 4 ). The variation of acetaldehyde (Figure 4b ), which is a very volatile compound, may be due to changes in the temperature of the process due to the equipment that was operated in manual mode. 
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Content of Methanol, Esters, and Furfural
The four accumulated fractions 2, 3, 4, and 5 (F2345) of distillate obtained in the distillation process did not show statistically significant differences with a 95% confidence level. An average concentration of 95.17 ± 4.59, 11.67 ± 3.56, and 1.18 ± 0.35 mg/100 mL of anhydrous alcohol was determined for methanol, esters, and furfural, respectively ( Figure 5 
The four accumulated fractions 2, 3, 4, and 5 (F2345) of distillate obtained in the distillation process did not show statistically significant differences with a 95% confidence level. An average concentration of 95.17 ± 4.59, 11.67 ± 3.56, and 1.18 ± 0.35 mg/100 mL of anhydrous alcohol was determined for methanol, esters, and furfural, respectively ( Figure 5 ). The final distillate obtained, which consisted of the mixture of fractions 2, 3, 4, and 5 (F2345), was below the maximum permissible limits regarding the content of methanol, higher alcohols, esters, and aldehydes established by the Official Mexican Standard for Tequila (NOM-006-SCFI-2012) [3] (Table 1) . Different authors have reported the concentration increase of several compounds during distillation [5] , while with this process (Table 1) , the content of methanol and higher alcohols is maintained below the limits established by the Mexican regulation of tequila [3] . In addition to reducing the energy consumption, multiple options are generated by being able to mix the fractions of interest to reduce methanol contents and/or higher alcohols at the end of the process (Table 2) . mg/100 mL a.a.
Fraction
Volatile Compounds
Aldehydes Methanol Esters Furfural The final distillate obtained, which consisted of the mixture of fractions 2, 3, 4, and 5 (F2345), was below the maximum permissible limits regarding the content of methanol, higher alcohols, esters, and aldehydes established by the Official Mexican Standard for Tequila (NOM-006-SCFI-2012) [3] ( Table 1) . Different authors have reported the concentration increase of several compounds during distillation [5] , while with this process (Table 1) , the content of methanol and higher alcohols is maintained below the limits established by the Mexican regulation of tequila [3] . In addition to reducing the energy consumption, multiple options are generated by being able to mix the fractions of interest to reduce methanol contents and/or higher alcohols at the end of the process (Table 2) . Distillation uses a lot of energy; however, with a good design of the system, the energy requirements can be reduced or recovered for other operations [14] . Another alternative used is mechanical re-compression, but it is costly to install and run so the savings must make it cost effective. About 25% (depending on design) of the steam emitted from the thermocompressor is recovered heat from the liquid [14] .
The horizontal column distillation reduces the consumption of steam by approximately 50% with respect to the traditional process. The energy consumption of this technology (horizontal continuous distillation) is within the consumption range of the distillation columns and its consumption is approximately 50% lower than the traditional processes (Table 3) . The energy saved resides in two main aspects:
1.
Multistage distillation is more efficient than one-stage distillation for the same consumption of steam for both alternatives, due to an increment of mass transfer by a higher gradient between concentrations of phase liquid to phase vapor during the distillation process and the better distribution of vapor in each stage; 2.
In this technology, it is possible recuperate about 15% of sensible heat of the effluent using a heat exchanger to preheat the feed, which is a possibility to implement in the beverage industry.
Another potential benefit could be the production of vinasse at a low temperature of 55 • C, facilitating its disposition. Comparatively, a typical Tequila distillery generates 7 to 10 L of this effluent per liter of Tequila, with a low pH of 4.5, high temperature of 95 • C, and high organic loads, which represent a significant disposal problem [18] .
In terms of the economic aspect, the distillation represents around 50% of energetic consumption in the elaboration process of tequila. A reduction of 50% of the energy of distillation results in an energy consumption reduction of 25% in the global process. For a 100% tequila producing plant of 852,120 L/year where steam consumption represents 0.29% of the cost structure [19] , these numbers are apparently low, permitting us to keep distillated fractions of high value-added and the potential control of the compounds responsible for the aroma of tequila within the limits allowed [3] .
Conclusions
The tequila obtained from the rectification process in this new continuous horizontal distillation process complies with the content of major volatiles (methanol and higher alcohols) regulated by the Official Mexican Standard. The five accumulated fractions of distillate obtained in the continuous distillation process did not show statistically significant differences with a 95% confidence level (p-value > 0.05) with respect to the content of methanol, esters, and furfural. However, these fractions showed statistically significant differences with a 95% confidence level (p-value < 0.05) among themselves regarding the content of aldehydes and higher alcohols, with the fraction of 1 being the one that showed the highest amount of both groups of compounds.
Continuous horizontal distillation constitutes a potential alternative for the distillation of tequila with the benefit of energy savings of 50% compared to the traditional process and the potential control of the compounds regulated by the Official Mexican Specification for tequila. Funding: This research received no external funding.
